A mesoscale convective system (MCS) developed during the morning hours of 6 June 1993 and moved across northern and central Missouri, resulting in a narrow swath of excessive rainfall (ú150 mm). The MCS developed well north of a surface warm front above a cool, stable boundary layer and moved east-southeast across the state. Although some features of the synoptic environment agree with the frontal flash flood composite model, predicting the elevated thunderstorms that composed the MCS posed a unique forecasting challenge. This paper first describes the diagnostic parameters of the prestorm environment that would have been helpful to predict the initiation of the MCS and the resultant locally excessive precipitation. Attention is then drawn to the MCS itself via IR satellite and WSR-88D imagery. Finally, the similarities and differences of this episode to previous studies of flash flooding and elevated thunderstorms are noted, and a summary of key parameters useful in the anticipation of this type of convection and associated heavy rainfall are offered.
Introduction
During the morning of 6 June 1993, a mesoscale convective system (MCS) developed over north-central Missouri and moved southeastward, resulting in up to 150 mm (6 in.) of rain in a 200 km 1 400 km band across the state. Figure 1 illustrates the 24-h distribution of rainfall over Missouri resolved by the National Weather Service (NWS) cooperative network, with 73 stations reporting. The heavy rainfall episode of 6 June 1993 was one of many such events that contributed to the catastrophic flooding in the midwestern United States that summer, which resulted in damages in excess of $10 billion. While this storm proved not to be as prolific with respect to rainfall as other storms that would occur later that summer, this was a particularly interesting situation for two reasons. First and foremost, the thunderstorms associated with the heavy rainfall developed several hundred kilometers north of a surface warm front above a cool, stable boundary layer. Second, the storms developed during the early morning hours and reached maximum intensity during the late morning and early afternoon. The behavior of this MCS differs from most heavy-rainfall-producing thunderstorms, which occur mainly at night (Maddox et al. 1979) . These factors contributed to the poor handling of this heavy rainfall event by the local operational community.
In this paper the prestorm environment of the case in question will be diagnosed through the use of conventional surface and upper-air analyses from the NWS, along with Geostationary Operational Environmental Satellite (GOES) MB-enhanced infrared (IR) imagery obtained from the Forecast Systems Laboratory (FSL). In addition, WSR-88D equivalent reflectivity imagery was gathered from the National Weather Service Forecast Office in Weldon Spring, Missouri. Various stability parameter fields will also be examined. The authors will show that the thunderstorms of 6 June 1993 were not rooted in the planetary boundary layer, as is usually the case with warm season convection (Colman 1990a,b; Grant 1995) , but were associated with an elevated layer of convective instability. The evolution of the MCS will be presented via GOES satellite and WSR-88D imagery. Finally, a brief summary of the key aspects that would have facilitated the better prediction of this event will be offered. Fritsch et al. (1986) noted that MCSs are responsible for 30%-70% of the U.S. central region's warm season rainfall, while Houze et al. (1989) indicated that MCSs are particularly difficult to resolve, track, and predict due to the existing observational network's deficiencies with respect to spatial and temporal resolution. These two facts alone illuminate the significance of the MCS in operational meteorology.
Background
As is evident from the summer of 1993, MCSs often produce excessive rainfall. Doswell (1985) and note that the atmosphere requires three ingredients to produce heavy convective rain. There must initially be instability and upward vertical motion VOLUME 11 W E A T H E R A N D F O R E C A S T I N G FIG. 1. 24-h total rainfall for Missouri (mm), as measured by NWS cooperative network rain gauges, ending at 1200 UTC 7 June 1993. present to support convection. In addition, plentiful moisture must be available in order to enhance precipitation efficiency.
Many times in the fall and spring months, thunderstorms form on the cool side of a frontal boundary. These storms are initiated by isentropic lifting above a stable boundary layer and are associated with instability found at or around 850 hPa. For his study, Colman (1990a,b) defined an elevated thunderstorm via the following selection criteria based on observations from stations reporting a thunderstorm.
1) The observation must lie on the cold side of an analyzed front that shows a clear contrast in temperature, dewpoint, and wind.
2) The station's wind, temperature, and dewpoint must be qualitatively similar to the immediately surrounding values.
3) The surface air on the warm side of the analyzed front must have a higher equivalent potential temperature (u e ) than the air on the cold side of the front. Colman (1990a) also noted that nearly all thunderstorms that occurred during the cool season (December-February) east of the Rocky Mountains were of the elevated variety, with the exception of those over Florida. He also found a bimodal distribution of elevated thunderstorms, with a primary maximum in April and a secondary maximum in September. Colman (1990b) stated that most of the storms in his study occurred in convectively stable environments with little or no convective available potential energy (CAPE). He concluded that the elevated thunderstorms that occur in such environments are likely the product of frontogenetical forcing in the presence of weak symmetric stability.
In a study of elevated severe thunderstorms, Grant (1995) noted that these cool sector storms tend not to be as destructive as those that develop in the warm sector, with large hail being the primary threat associated with these storms. While this may be true for severe thunderstorms, it is indeed possible for elevated convection to result in excessive rainfall and flash flooding, as was the case on 6 June 1993.
Once formed, the convective system needs to propagate and regenerate in such a way that the heavy precipitation will last for a considerable amount of time. The propagation of an MCS is paramount to the storms' ability to produce excessive precipitation. The term propagation refers to the movement of an MCS as a consequence of favored new cell development on one flank (usually right or right rear) of the storm's updraft (Newton and Newton 1959; Chappell 1986; Juying and Scofield 1989) . Juying and Scofield (1989) note that propagation is the result of the storm's interactions with the surrounding environment, which contains low-level moisture convergence and potential buoyant energy. This interaction results in continuous growth and maintenance of the parent storm through the feeding of its main updraft [continuous propagation; see Browning (1964) ], or in the development of new convective cells along the storm's periphery [discrete propagation; see Newton and Newton (1959) ].
The direction and speed of MCS propagation is of monumental importance to the generation of excessive precipitation. Slow-moving, regenerative, and backward-propagating MCSs are most likely to produce heavy convective rainfall. Chappell (1986) noted that the former two storm types are most likely to bring excessive rainfall and flash flooding to a given area, while Scofield et al. (1990) indicated that backward propagators are the cause of many flash floods that result in §200 mm (8 in.) of rain. Regenerative MCSs undergo a process known as echo training (Doswell 1985) , where numerous cells form upstream of a point and pass over that point in succession, resulting in multiple episodes of heavy rainfall over a given location. While copious rainfall is certainly possible with any given cell, the aggregate effect of the individual storms usually results in excessive amounts of precipitation over a particular location, leading to potential flash flooding. In a study of three heavy rainfall episodes in Missouri, Rochette (1994) found slow system movement and upstream regeneration to be present at some point in each MCS's life cycle. Each of those storms resulted in §125 mm (5 in.) of rainfall in Missouri during a 24-h period.
Data sources and analyses

a. Surface analysis
The 1200 UTC 6 June 1993 (hereafter 1200 UTC) surface analysis (Fig. 2 ) reveals a cool morning across Missouri, with temperatures from 11Њ to 16ЊC (52Њ-62ЊF) and dewpoints from 11Њ to 13ЊC (52Њ-55ЊF). A warm front extends from a 1004-hPa low pressure center in eastern Colorado east and south across Kansas and Oklahoma to northern Louisiana. At this time thunderstorms are located several hundred kilometers to the north and east of the front across northern portions of Missouri. Surface wind reports from the sparse data network in Missouri do not indicate that the outflow from either MCS is at the surface. It is possible that the thunderstorm downdrafts did not reach the surface due to the presence of the cool, stable air in the planetary boundary layer.
b. Upper-air analyses
The upper-air analyses are the result of an objective analysis of the operational data applying the Barnes (1973) scheme onto a grid with a horizontal resolution of 190.5 km. The 850-hPa wind field at 1200 UTC ( Fig. 3) indicates a 20 m s 01 (40 kn) low-level jet (LLJ) in north-central Texas extending into southwestern Kansas upstream of the MCS, a feature found in the frontal flash flood scenario described by Maddox et al. (1979) . In addition, the LLJ is oriented nearly normal to the surface warm frontal zone. Note the strong isotach gradient across Missouri, implying speed convergence. An analysis of 850-hPa moisture convergence (shown later) confirms this observation. Funk (1991) noted the importance of warm moist air, indicated by high values of low-level u e , to the development of heavy convective rainfall.
1 A region of high u e air at low levels is conducive to convective development as the warm moist air associated with such a regime contributes to the buoyancy and latent heating required for the maintenance of the MCS (Williams 1991). Many times it is overlaid by drier air characterized by lower u e values, thereby creating a layer of convective instability. To further underscore the importance of this parameter, Shi and Scofield (1987) noted that MCSs tend to initiate in or near regions of high u e . Once formed, MCSs tend to propagate toward these favorable warm, moist environments. The 1200 UTC 850-hPa u e analysis 2 (Fig. 4 ) reveals a ridge of maximum values (344 K) extending from southwestern Texas north through the panhandle region of Oklahoma, turning east into central Kansas and branching northward into eastern Nebraska and southeastward into northwestern Arkansas. Note the 20-K difference between western and eastern Missouri; Shi and Scofield (1987) reported that MCSs often form in low-level u e ridges or gradients. Glass et al. (1995) and Junker et al. (1995) discussed the importance of 850-hPa u e advection to the production of heavy convective rainfall. According to both studies, composite MCSs tended to form in the area of maximum positive u e advection at 850 hPa. The conceptual model of warm-season heavy rainfall proposed by Glass et al. (1995) places the region of heavi- est precipitation between the u e advection maximum at 850 hPa and the surface frontal boundary. Figure 5 shows that nearly the entire state is under positive advection, with a maximum (/3.5 K h 01 ) in north-central Missouri. In addition, advection of u e at 500 hPa was also examined (not shown); much of the state was characterized by weakly positive values, indicating that low-level u e was increasing at a greater rate than at midlevels, leading to a convectively unstable environment. To further illustrate this, vertical u e profiles were produced for proximal upper-air stations. Figure 6 is a convective stability analysis for Topeka, Kansas (solid), and Monett, Missouri (dashed), at 1200 UTC; given the location of MCS initiation, Topeka most closely approximated the ambient environment. Note that the Topeka profile is characterized by a convectively unstable thermal stratification (Ìu e /Ìz õ 0) from 850 to 660 hPa (with a shallow stable layer around 800 hPa) superposed on a stable (Ìu e /Ìz ú 0) boundary layer (surface-850 hPa), while the Monett profile, representative of the inflow air, reveals a similar situation. The lifting of a convectively unstable layer to satura- tion results in an unstable thermal profile that is conducive to vertical accelerations. In this case, upward vertical motion in the lower troposphere acted to release the convective instability, thereby providing a favorable environment for elevated convective initiation. Low-level moisture transport (MT) vectors were also generated for 1200 UTC (Fig. 7) . Simply defined, MT vectors are the product of the vector wind (V ) and the mixing ratio (q). The MCS developed downwind and to the east of the region of maximum MT vectors, found over the Oklahoma Panhandle. This finding agrees with the results of composite studies of heavyrainfall-producing thunderstorms (Junker et al. 1995; Glass et al. 1995; Rochette et al. 1995) . It should be noted that MT vectors would be more realistic when produced on isentropic surfaces, since moisture is transported along them. MT vectors on the 304-K isentropic surface for the same time period (not shown) reveal the same general pattern as those on the constant pressure surface, except that the maximum is displaced several hundred kilometers to the east. Of course, isentropic analysis in general should be used with caution during the warm season due to disrupted continuity from diabatic effects. Hudson (1971) noted that strong convection is frequently preceded by a well-defined maximum of lowlevel moisture flux convergence, which is equivalent to the convergence of the moisture transport vectors. Moisture flux convergence consists of the advection and convergence of moisture over a subsynoptic-scale region. The 1200 UTC 850-hPa moisture convergence field (Fig. 8) indicates values that exceeded /1.5 g kg 01 h 01 across north-central Missouri, with axes directed toward the south, west, and north.
The midlevel environment was also inspected via the 1200 UTC 500-hPa geopotential height (Z ) and absolute vorticity (h ) fields (Fig. 9) . Note the general anticyclonic curvature of the height contours over the upper Midwest, a characteristic generally found in the frontal flash flood scenario described by Maddox et al. (1979) . Two weak shortwaves are also evident in the vorticity field, the first over northeastern Colorado and a weaker wave over eastern Kansas. These findings also agree with the frontal composite produced by Maddox et al. (1979) , which has a weak 500-hPa shortwave upstream of the heavy rainfall area.
An anticyclonically curved wind maximum of 50 m s 01 (100 kn) is observed on the 200-hPa surface at 1200 UTC (Fig. 10 ) over south-central Minnesota. A secondary maximum (45 m s 01 ) over the Quad Cities region of Iowa and Illinois is likely an artifact of the objective analysis scheme. At first glance it appears that Missouri is under the anticyclonic side of the exit region of the upper-level jet over Minnesota. However, closer inspection of the wind field shown reveals airflow from low to high momentum as occurs in the entrance region of a jet streak. This fact, combined with the fact that the flow is characterized by weak anticyclonic curvature, results in divergence being diagnosed over Missouri and to the southwest (Fig. 11) . The position of MCS initiation agrees with the findings of McNulty (1978) , who found that severe convection tended to form in the gradient region to the south of an upper-level divergence maximum. Even more dramatic is the diagnostic cross section (Fig. 12) taken along the line shown in Fig. 10 , which reveals an area of strong upward vertical motion (£ 05.0 mbar s 01 ) in the middle troposphere over northern Missouri. Vertical motion in Fig. 12 was computed by the kinematic method, with values at the surface and 100 mb set to zero, following an adjustment scheme described by O'Brien (1970) . It should be noted that the vertical motion shown in the cross section begins above 900 mb. The substantial vertical motion above the frontal inversion acted to release the convective instability, thereby providing a thermally unstable region aloft, within which convection initiated. Thus, air parcels rising in the LLJ along a sloped isentropic surface would reach their lifted condensation level (LCL) to the north of the surface boundary. Note that the height of a parcel's LCL would determine the distance from the boundary that condensation would occur. Ultimately the parcels would reach their level of free convection, at which point the CAPE would be realized. Availability of plentiful moisture in the low and middle levels of the atmosphere for the production of heavy rainfall is paramount. The distribution of precipitable water (PW) at 1200 UTC (Fig. 13) was also examined. Values across the state vary from õ25 mm (1.0 in.) across eastern Missouri to ú35 mm (1.4 in.) along the Kansas-Missouri border. Funk (1991) indicated that ambient or inflow PWs over 25 mm have been empirically determined as critical values for heavy rainfall. The percentage of normal of PW was also examined; in this case, PWs over Missouri are 110%-140% of normal values for this time of year. Thiao et al. (1993) noted that PW values greater than 130% of normal indicate good potential for excessive precipitation within 12-24 h.
In papers by Colman (1990b) , Williams (1991) , and Doswell and Rasmussen (1994) , the concept of maximum u e CAPE is discussed. Doswell and Ras- mussen (1994) note that more energy is realized by lifting the most unstable parcel in the lowest 300-hPa layer (i.e., the parcel with the maximum u e in this layer) than a mean parcel based on the lowest 100-hPa layer. Figure 14 is a skewT-logP diagram for Monett, Missouri, at 1200 UTC; the cross-hatched region represents the CAPE based on a mean parcel, while the stippled region is the additional energy realized by lifting the most unstable parcel. The mean parcel CAPE for this time period and location was computed to be 2258 J kg 01 , while the CAPE based on the most unstable parcel was 4256 J kg 01 , an increase of over 88%. Although in this case both methods result in large values of CAPE, the authors are aware of cases when the boundary layer CAPE was insignificant, while the maximum u e CAPE was large. This illustrates the importance of lifting the most unstable parcel in the case of elevated thunderstorms, as the mean low-level parcel CAPE does not truly represent the instability of the environment, as the synoptic-scale lifting occurs above the boundary layer.
c. Satellite imagery
GOES MB-enhanced IR satellite imagery was utilized to examine the MCS's evolution. Follansbee and Oliver (1975) indicated that cold IR cloud tops are often associated with deep precipitating convective clouds, and Maddox (1980) noted that large areas with cloud-top temperatures £ 052ЊC assures an active system with precipitation over a large area. Starting with 1101 UTC 6 June 1993 (Fig. 15a) , an elliptic area of cold-top clouds is present over southern Iowa and northern Missouri. A second smaller area of cold tops is found over northeastern Kansas; severe weather was reported in this area but was not associated with the MCS in northern Missouri (National Climatic Data Center 1993). At 1301 UTC (Fig. 15b) , one can detect the development of new convective activity to the southwest of the old MCS by the presence of warming tops in the eastern cloud area and cooling tops to the southwest. Note also the expansion of the cloud shield over eastern Kansas.
Four hours later, imagery from 1701 UTC ( Fig.  15c ) shows that the new activity has expanded considerably in areal coverage; given the fact that the MCS cloud shield covers most of Missouri and Illinois, its area is estimated to be over 250 000 km 2 . The MCS has also strengthened with the development of cold tops over central and eastern Missouri, which shows slow southeastward movement from previous imagery ( not shown ) . Given the quasi-circular shape and extensive areal coverage of the cloud shield, one could initially assume the presence of a mesoscale convective complex ( MCC; Maddox 1980 ) ; for all intents and purposes, the system in question could be considered an MCC, except for the fact that the cloud shield did not meet the temporal requirements. Bartels et al. ( 1984 ) have noted that smaller mesoscale systems are more frequent than their larger cousins and have established the criteria for a general MCS, designated a ''mini-MCC.'' By 2101 UTC (Fig. 15d) , the MCS has moved rapidly eastward, as evidenced by the western edge of the cloud shield cutting across central Missouri. In addition, the MCS has weakened considerably, shown by the rapid reduction of the black area (£ 052ЊC) and the disappearance of the cold tops. At this time the MCS no longer posed a flash flood threat to the state of Missouri.
d. WSR-88D imagery
Equivalent radar reflectivity imagery were obtained from the WSR-88D located in Weldon Spring, Missouri (KLSX), 50 km west of Saint Louis. Interestingly, this site was struck by lightning during the height of the storm as it passed through east-central Missouri around 1800 UTC. Nevertheless, examination of available imagery depicts the initiation and evolution of the MCS responsible for the heavy rainfall over the state. Equivalent reflectivity imagery from 1146 UTC is provided in Fig. 16a , where Kansas City (MKC) and Saint Louis (STL) are located by symbols. Prevalent features include the large area of weak echoes (õ30 dBZ ) covering north-central and northeastern Missouri, with stronger returns (ú35 dBZ ) to the northwest of the radar site. Note the small area of precipitation just to the east of Kansas City and the more organized cells to its south; these cells are the initial storms that composed the new MCS.
Approximately 2 h later, the 1400 UTC image (Fig.  16b ) depicts a general weakening and translation of the northern area of stratiform precipitation, while the cells over west-central Missouri have intensified (ú50 dBZ ) and moved slightly eastward. This area is showing signs of organization; note the quasi-circular shape of the stronger echo region, along with the apparent merger with the northern region. A weak new cell has also developed in east-central Kansas, to the west of Kansas City. Figure 16c is the 1525 UTC image, and the most striking feature at this time is the presence of intense cells (maximum 65 dBZ ) over the central portion of the state, moving to the east. In addition, a linear band of weaker cells has formed along and to the north of the Missouri River. The northern region of echoes has shown further reduction in areal coverage and has fully merged with the southern echo region. Note the eastward-moving cells that have developed in extreme eastern Kansas.
The 1700 UTC image (Fig. 16d) depicts the transition from the quasi-circular shape of the strongest echo region to a linear structure. The maximum equivalent reflectivity value has decreased to 59 dBZ, while the northern region's organization is deteriorating. The feature of paramount significance is the development of strong cells (ú50 dBZ ) to the west of the 1525 UTC position of the line, indicative of backward propagation.
Imagery from 1804 UTC (Fig. 16e ) denotes a line of strong cells extending westward from Saint Louis county, moving to the south and east. The maximum equivalent reflectivity continued to decrease with time (57 dBZ ), and the northern echo region was no longer organized. By 1938 UTC (not shown), the strongest cells have moved south and east of Saint Louis into southeastern Missouri and west-central Illinois.
Discussion
Aspects of the heavy rain episode of 6 June 1993 share commonalities with Maddox et al.'s (1979) frontal flash flood scenario, most notably the presence of a LLJ upstream of the MCS initiation point, weak midlevel forcing, and anticyclonic flow at 500 hPa over the location of the storms. In addition, the storms formed on the cool side of the frontal boundary. The MCS formed in a region of strong low-level forcing, characterized by maximum 850-hPa u e advection and moisture convergence, and downstream of maximum moisture transport, which is consistent with recent conceptual models (Junker et al. 1995; Glass et al. 1995; Rochette et al. 1995) . On the other hand, this case differed from Maddox et al.'s (1979) findings from a climatological point of view. They found that frontal events were mainly an overnight phenomenon, with maximum occurrence during the month of July. Also, the storms formed quite a distance north of the surface boundary, likely due to the moist ascent above a frontal boundary.
The fact that significant convection developed above a cool stable boundary layer leads to the conclusion that the thunderstorms that made up the MCS in question were of the elevated variety. It is posed that the type of elevated convection that occurred over Missouri on 6 June 1993 was not the type commonly noted by Colman (1990a,b) . The main difference between most of his case studies and the present one is the fact that the majority of Colman's elevated thunderstorms occurred in an environment where there was no CAPE present, appearing to be the result of frontogenetical forcing in the presence of weak symmetric stability (Colman 1990b) . While the thunderstorms in question here and in Colman's (1990a,b) study are both detached from the atmospheric boundary layer, occurring above a frontal surface, the MCS of 6 June 1993 developed in an environment characterized by elevated convective instability.
It has been shown that a significant amount of CAPE can be realized by lifting the parcel with the highest u e in the lowest portion of the atmosphere as opposed to a boundary layer mean parcel; while this is not always the case, the choice of the warmest, most moist parcel in the lower atmosphere resulted in nearly twice the CAPE than if a mean 100-hPa parcel was lifted. More importantly, the use of the maximum u e CAPE can result in the evaluation of an unstable thermal environment that would not be resolved by utilizing the ''standard'' CAPE.
In summary, the key features of this episode that can be helpful in the anticipation of an elevated heavy rainfall episode include the following:
14. 1200 UTC 6 June 1993 skewT -logP diagram for Monett, MO. Horizontal lines depict pressure (hPa); slanting lines represent temperature (ЊC). Winds follow notation described in Fig. 2 . Cross-hatched region indicates CAPE based upon lifting the mean 100-hPa parcel; stippled region represents additional CAPE based on lifting the parcel with the highest u e value in the lowest 300 hPa. 1) the presence of a slow-moving/quasi-stationary east-west-oriented surface boundary (front, outflow boundary) to the south of the focus region;
2) the presence of a low-level (e.g., 850 hPa) wind maximum, especially oriented normally to the surface boundary;
3) copious moisture available in the low and middle levels of the atmosphere, especially in and upstream of the focus region (PW values ú 100% of normal); 4) a gradient of low-level u e over the focus region; 5) maxima of low-level temperature/u e advection in the focus region; 6) an elevated layer of convective instability over a stable boundary layer, evaluated via soundings or vertical profiles of u e ; 7) a low-level maximum of moisture convergence in/upstream of the focus region; 8) a 500-hPa ridge over the focus region; 9) a weak 500-hPa shortwave upstream of the focus region; and 10) an area of upper-level (300-200 hPa) divergence over/north of the focus region. viewers; their insight has resulted in a much stronger, more clarified end product. Finally, the authors would like to thank the Cooperative Program for Operational Meteorology, Education and Training for making this research possible. This paper was funded in part from a subaward (UCAR S9355) under a cooperative agreement between the National Oceanic and Atmospheric Administration (NOAA) and the University Corporation for Atmospheric Research (UCAR). The views expressed herein are those of the authors and do not DECEMBER 1996 R
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